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METHODS AND SYSTEMS FOR PLANARIZING WORKPIECES, E.G., 
MICROELECTRONIC WORKPIECES 



TECHNICAL FIELD 

[0001] The present invention provides certain improvements in processing 

microfeature workpieces. The invention has particular utility in connection with 
planarizing microfeature workpieces, e.g., semiconductor wafers. 

BACKGROUND 

[0002] . Mechanical and chemical-mechanical planarizing processes (collectively 
"CMP processes") remove material from the surface of semiconductor wafers, 
field emission displays, or other microfeature workpieces in the production of 
microelectronic devices and other products. Figure 1 schematically illustrates a 
CMP machine 10 with a platen 20, a carrier assembly 30, and a planarizing pad 
40. The CMP machine 10 may also have an under-pad 25 attached to an upper 
surface 22 of the platen 20 and the lower surface of the planarizing pad 40. A 
drive assembly 26 rotates the platen 20 (indicated by arrow F), or it reciprocates 
the platen 20 back and forth (indicated by arrow G). Since the planarizing pad 40 
is attached to the under-pad 25, the planarizing pad 40 moves with the platen 20 
during planarization. 

[0003] The carrier assembly 30 has a head 32 to which a microfeature workpiece 

12 may be attached, or the microfeature workpiece 12 may be attached to a 
resilient pad 34 in the head 32. The head 32 may be a free-floating wafer carrier, 
or an actuator assembly 36 may be coupled to the head 32 to impart axial and/or 
rotational motion to the workpiece 12 (indicated by arrows H and I, respectively). 

[0004] The planarizing pad 40 and a planarizing solution 44 on the pad 40 

collectively define a planarizing medium that mechanically and/or chemically 
removes material from the surface of the workpiece 12. The planarizing pad 40 
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can be a soft pad or a hard pad. The planarizing pad 40 can also be a fixed- 
abrasive planarizing pad in which abrasive particles are fixedly bonded to a 
suspension material. In fixed-abrasive applications, the planarizing solution 44 is 
typically a non-abrasive "clean solution" without abrasive particles. In other 
applications, the planarizing pad 40 can be a non-abrasive pad composed of a 
polymeric material (e.g., polyurethane), resin, felt, or other suitable materials. 
The planarizing solutions 44 used with the non-abrasive planarizing pads are 
typically abrasive slurries with abrasive particles suspended in a liquid. The 
planarizing solution may be replenished from a planarizing solution supply 46. 

[0005] In chemical-mechanical planarization (as opposed to solely mechanical 

planarization), the planarizing solution 44 will typically chemically interact with the 
surface of the workpiece 12 to control the removal rate or otherwise optimize the 
removal of material from the surface of the workpiece. Increasingly, microfeature 
device circuitry (i.e., trenches, vias, and the like) is being formed from copper. 
When planarizing a copper layer using a CMP process, the planarizing solution 
44 is typically neutral to acidic and includes an oxidizer (e.g., hydrogen peroxide) 
to oxidize the copper and increase the copper removal rate. One particular slurry 
useful for polishing a copper layer is disclosed in International Publication 
Number WO 02/18099, the entirety of which is incorporated herein by reference. 

[0006] To planarize the workpiece 12 with the CMP machine 10, the carrier 

assembly 30 presses the workpiece 12 face-downward against the planarizing 
medium. More specifically, the carrier assembly 30 generally presses the 
workpiece 12 against the planarizing solution 44 on a planarizing surface 42 of 
the planarizing pad 40, and the platen 20 and/or the carrier assembly 30 move to 
rub the workpiece 12 against the planarizing surface 42. As the workpiece 12 
rubs against the planarizing surface 42, material is removed from the face of the 
workpiece 12. In some common CMP machines 10, the pressure of the workpiece 
12 against the planarizing medium may be gradually ramped up and/or ramped 
down over a period of time instead of immediately pressing the workpiece against 
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the planarizing medium with full force and immediately terminating pressure when 
the planarizing step is complete. 

[0007] CMP processes should consistently and accurately produce a uniformly 

planar surface on the workpiece to enable precise fabrication of circuits and 
photo-patterns. During the construction of transistors, contacts, interconnects and 
other features, many workpieces develop large "step heights" that create highly 
topographic surfaces. Such highly topographical surfaces can impair the 
accuracy of subsequent photolithographic procedures and other processes that 
are necessary for forming sub-micron features. For example, it is difficult to 
accurately focus photo patterns to meet tolerances approaching 0.1 micron on 
topographic surfaces because sub-micron photolithographic equipment generally 
has a very limited depth of field. Thus, CMP processes are often used to 
transform a topographical surface into a highly uniform, planar surface at various 
stages of manufacturing microfeature devices on a workpiece. 

[0008] In the highly competitive semiconductor industry, it is also desirable to 

maximize the throughput of CMP processing by producing a planar surface on a 
substrate as quickly as possible. The throughput of CMP processing is a function, 
at least in part, of the ability to accurately stop CMP processing at a desired 
endpoint. In a typical CMP process, the desired endpoint is reached when the 
surface of the substrate is planar and/or when enough material has been removed 
from the substrate to form discrete components on the substrate (e.g., shallow 
trench isolation areas, contacts and damascene lines). Accurately stopping CMP 
processing at a desired endpoint is important for maintaining a high throughput 
because the substrate assembly may need to be re-polished if it is "under- 
planarized," or components on the substrate may be destroyed if it is "over- 
polished." Thus, it is highly desirable to stop CMP processing at the desired 
endpoint. 

[0009] In one conventional method for determining the endpoint of CMP 

processing, the planarizing period of a particular substrate is determined using an 
estimated polishing rate based upon the polishing rate of identical substrates that 
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were planarized under similar conditions. The estimated planarizing period for a 
particular substrate, however, may not be accurate because the polishing rate or 
other variables may change from one substrate to another. 
[0010] To compensate for changes in planarizing conditions (e.g., degradation of 

the planarizing pad 40, variations in the composition of the planarizing solution 
44, or temperature fluctuations), conventional CMP tools predict the estimated 
planarizing time for the next workpiece 12 using a calculated material removal 
rate from the preceding workpiece or several preceding workpieces. Typically, 
this will involve measuring the thickness of the workpiece in a pre-planarizing 
metrology tool, planarizing the workpiece on the CMP machine 10, and measuring 
the thickness of the workpiece again in a post-planarizing metrology tool. 
Dividing the change in the measured thickness by the time spent planarizing a 
microfeature workpiece 12 can determine the material removal rate for that 
particular workpiece. The calculated removal rate may be used as an estimated 
removal rate for the next workpiece on the assumption that the planarizing 
conditions will not change too greatly between two sequentially processed 
workpieces. 

[0011] To mask statistical variation from one workpiece to another, many CMP 

machines 10 use an exponentially weighted moving average of material removal 
rates from a series of microfeature workpieces to predict the material removal rate 
for the next workpiece. Aspects of such exponentially weighted moving average 
controllers, among other CMP controllers, are described in some detail in U.S. 
Patent 6,230,069, the entirety of which is incorporated herein by reference. 

[0012] Some commercially available CMP machines employ two different types of 

planarizing pads 40, each mounted on a separate platen 20. A first planarizing 
pad may remove material at a relatively fast rate and a second planarizing pad 
may be a finishing pad that removes material at a slower rate to yield a highly 
polished surface. Applied Materials Corporation of California, USA, sells one 
such CMP machine under the trade name MIRRA MESA. To increase throughput, 
the MIRRA MESA CMP tool includes two rough planarizing pads and one 
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finishing pad. The material removal rate for the MIRRA MESA machine is 
calculated in much the same fashion as other convention CMP machines, i.e., the 
total change in thickness as a result of processing on the CMP machine is divided 
by the combined primary planarizing time on the two rough planarizing pads, 
which tends to be the only planarizing time that is adjusted from one workpiece to 
the next. 

[0013] To estimate the planarizing time necessary to planarize an incoming 

microfeature workpiece, the thickness of the top layer(s) on the incoming 
workpiece can be measured to determine the amount of material that needs to be 
removed. The estimated planarizing time may then be calculated using the 
formula: 

KE + K h AT h +rl(E') 
in RR 

wherein: 

tin is the estimated planarizing time of an incoming workpiece; 
t is the actual planarizing time of the preceding workpiece; 
K is an empirically determined constant; 

E is the difference between the predicted final thickness of the preceding 
workpiece and the thickness actually measured by the post- 
planarizing metrology tool; 
Kin is another empirically determined constant; 

AT in is the thickness of the material to be removed from the incoming 
workpiece; 

r is another empirically determined constant; 

l(E') is an integral function (e.g., of the type commonly employed in PID 
control systems) of the difference between a predicted final 
thickness and the actually measured thickness for a series of 
preceding workpieces; and 
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[0023] RR is the calculated removal rate. This calculated removal rate may be the 

removal rate for the immediately preceding workpiece or may be an 
average, e.g., an exponentially weighted moving average, of a 
number of preceding workpieces. 

[0024] The estimated planarizing time calculated in such a fashion can be a 

reasonably accurate estimate if the amount of material to be removed from the 
workpiece is relatively large, e.g., several thousand angstroms. With advances in 
the design of workpieces, the layers of material being removed in the CMP 
process is decreasing over time, with some CMP processes removing less than 
1,000 A. The conventional techniques outlined above for estimating the 
planarizing time for a given workpiece are proving less accurate at predicting 
material removal rate as the amount of material being removed is reduced. This 
greater variability in calculated removal time, together with the reduced amount of 
material being removed, can lead to materially under-planarizing or over- 
planarizing the workpieces. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0025] Figure 1 is a schematic cross-sectional view of a planarizing machine in 

accordance with the prior art. 
[0026] Figure 2 is a schematic overview of a planarizing system in accordance 

with an embodiment of the invention. 
[0027] Figure 2A is a schematic overview, similar to Figure 2, of a planarizing 

system in accordance with an alternative embodiment of the invention. 
[0028] Figure 3 is a schematic cross-sectional view of a main planarizer of the 

planarizing system shown in Figure 2. 
[0029] Figure 4 is a flow diagram schematically illustrating a planarizing process 

in accordance with another embodiment of the invention. 
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DETAILED DESCRIPTION 



[0030] Various embodiments of the present invention provide methods and 

apparatus for processing microfeature workpieces. The term "microfeature 
workpiece" is used throughout to include substrates upon which and/or in which 
microelectronic devices, micromechanical devices, data storage elements, 
read/write components, and other features are fabricated. For example, 
microfeature workpieces can be semiconductor wafers such as silicon or gallium 
arsenide wafers, glass substrates, insulative substrates, and many other types of 
materials. The microfeature workpieces typically have submicron features with 
dimensions of 0.05 microns or greater. Many specific details of the invention are 
described below with reference to rotary planarizing machines; the present 
invention can also be practiced using other types of planarizing machines (e.g., 
web-format planarizing machines). The following description provides specific 
details of certain embodiments of the invention illustrated in the drawings to 
provide a thorough understanding of those embodiments. It should be 
recognized, however, that the present invention can be reflected in additional 
embodiments and the invention may be practiced without some of the details in 
the following description. 

A. Overview 

[0031] A microfeature workpiece planarizing system in accordance with one 

embodiment of the invention includes a carrier assembly, a first planarizer, a 
second planarizer, a microfeature workpiece transport, and a programmable 
controller. The first and second planarizers can be first and second planarizing 
stations of a single tool that are serviced by a single load/unload device, or the 
first and second planarizers can be separate planarizing tools with separate 
load/unload devices. The carrier assembly is adapted to hold a microfeature 
workpiece. The first planarizer includes a first planarizing medium comprising a 
first planarizing solution and a first planarizing pad, and the second planarizer 
includes a second planarizing medium comprising a second planarizing solution 
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and a second planarizing pad. The second planarizing medium is different from 
the first planarizing medium. The microfeature workpiece transport is adapted to 
transfer a microfeature workpiece from the first planarizer to the second 
planarizer. The controller is programmed to: 

receive thickness change information indicative of a change in 
thickness caused by planarizing a preceding microfeature workpiece in a 
first process with the first planarizer and in a second process with at least 
one of the first and second planarizers; 

determine a modified thickness change by reducing the change in 
thickness by a thickness offset associated with material removal by the at 
least one second planarizer; 

determine a material removal factor for the preceding microfeature 
workpiece as a function of the modified thickness change and a planarizing 
time of the preceding microfeature workpiece on the first planarizer; 

receive initial thickness information indicative of a target thickness 
change for an incoming microfeature workpiece; 

estimate a target planarizing time for the first process as a function 
of the target thickness change and the material removal factor; and 

cause the first planarizer to planarize the incoming microfeature 
workpiece for the target planarizing time. 
[0032] Another embodiment of the invention provides a method for processing a 

microfeature workpiece in which a first microfeature workpiece is subjected to a 
first process for a first process time. The first process changes a thickness of the 
first microfeature workpiece from the first pre-processing thickness at a first rate. 
The first microfeature workpiece is also subjected to a second process for a 
second process time, with the second process changing the thickness of the first 
microfeature workpiece at a second rate that differs from the first rate. A 
thickness change of the first microfeature workpiece attributable to both the first 
process and the second process is determined and this thickness change is offset 
by a thickness offset associated with the second process. A thickness change 
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factor is determined for the first microfeature workpiece as a ratio of the offset 
thickness change and the first processing time. A second pre-processing 
thickness of a second microfeature workpiece is measured and a thickness 
change target is determined for the second microfeature workpiece by comparing 
the second pre-processing thickness with a target thickness of the second 
microfeature workpiece. A target processing time for the second microfeature 
workpiece is determined as a function of the thickness change target and the 
thickness change factor. The second microfeature workpiece is subjected to the 
first process for the target processing time and to the second process for a third 
planarizing time. 

[0033] For ease of understanding, the following discussion is broken down into 

two areas of emphasis. The first section discusses various apparatus in 
accordance with embodiments of the invention. The second section outlines 
methods in accordance with other embodiments of the invention. 

B. Apparatus 

[0034] Figures 2 and 3 schematically illustrate aspects of a planarizing system 

100 in accordance with one embodiment of the invention. Figure 2 is an overview 
of the planarizing system 100 and Figure 3 is a cross-sectional view of a 
planarizer 110. Many features of the planarizing system 100 and planarizer 110 
are shown schematically in these drawings. 

[0035] The planarizing system 100 of Figure 2 includes a planarizing machine 102 

including a main planarizer 110 and a finishing planarizer 210. The planarizing 
machine 102 may also include a second main planarizer 112, similar to the 
arrangement of the MIRRA MESA CMP machine noted above. A workpiece 
transport 230 (shown schematically) may be used to move a microfeature 
workpiece between a load/unload unit 220 (e.g., a supply cassette or washing 
station) and the planarizers 110, 112, and 210. The workpiece transport 230 can 
have a carrier assembly for each of the planarizers 110, 112, and 210 such that 
the planarizers can operate concurrently to simultaneously remove material from 
a plurality of different workpieces. 
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[0036] The planarizing system 100 of Figure 2 also includes a pre-planarizing 

metrology station 250a and a post-planarizing metrology station 250b. Suitable 
metrology systems adapted to measure the thicknesses of microfeature 
workpieces are commercially available from a variety bf-sources. Although Figure 
2 illustrates two separate metrology stations 250a and 250b, a single metrology 
station could instead measure both the pre-planarizing thickness and the post- 
planarizing thickness of the microfeature workpieces. 

[0037] The planarizing system 100 of Figure 2 also includes a control system 170 

comprising a controller 180. The controller 180 may include a programmable 
processor 182 and a computer-readable program 184 that causes the controller 
180 to control operation of other elements of the planarizing system 100. The 
controller 180 may take the form of a single computer or a plurality of computers 
arranged in a network. 

[0038] In the illustrated embodiment, the controller 180 js operatively connected to 

the pre- and post-planarizing metrology stations 250a-b and is adapted to receive 
metrology information from the metrology stations 250a-b. The metrology 
information is indicative of a change in thickness of the workpiece resulting from 
planarizing. In one embodiment, the metrology information received by the 
controller 180 may be the actual thickness change. In another embodiment, the 
metrology information includes a pre-planarizing thickness of a microfeature 
workpiece or layer(s) on a microfeature workpiece as measured by the pre- 
planarizing metrology station 250a and/or a post-planarizing thickness for the 
microfeature workpiece as measured by the post-planarizing metrology station 
250b. The metrology stations 250 may provide thickness data for a particular 
workpiece as a single number, which may represent an average thickness across 
the workpiece surface, or as a set of data representing a plurality of thickness 
measurements from different locations on the workpiece surface. 

[0039] The controller 180 may also be operatively coupled to one or more of the 

first main planarizer 110, the second main planarizer 112, and the finishing 
planarizer 210. In some embodiments, the controller 180 need not be operatively 
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coupled to the finishing planarizer 210. In many anticipated embodiments, the 
controller 180 is operatively connected to at least one, if not both, of the first and 
second main planarizers 110 and 112. 

[0040] Figure 2A schematically illustrates a planarizing system 101 in accordance 

with an alternative embodiment of the invention. Most of the elements of the 
planarizing system 101 may be directly analogous to elements of the planarizing 
system 100 of Figure 2 and like reference numbers are used in Figures 2 and 2A 
to identify like elements. One difference between the planarizing systems 100 
and 101 is that the planarizing machine 102 of Figure 2 includes two main 
planarizers 110 and 112 and a single finishing planarizer 210, but the planarizing 
machine 103 of Figure 2A includes a single main planarizer 110 and first and 
second finishing planarizers 210 and 212, respectively. . 

[0041] Figure 3 shows the first planarizer 110 of the planarizing machine 102 in 

greater detail. In the illustrated embodiment, the first planarizer 110 includes a 
table or platen 120 coupled to a drive mechanism 121 that rotates the platen 120. 
The platen 120 can include a support surface 124. The planarizing machine 102 
can also include a carrier assembly 130 having a workpiece holder 132 or head 
coupled to an actuator mechanism 136. The workpiece holder 132 holds and 
controls a workpiece 12 during a planarizing cycle. The workpiece holder 132 
can include a plurality of nozzles 133 through which a planarizing solution 135 
can flow during a planarizing cycle. The carrier assembly 130 can be 
substantially the same as the carrier assembly 30 described above with reference 
to Figure 1. 

[0042] The planarizing machine 102 can also include a planarizing medium 150 

comprising the planarizing solution 135 and a planarizing pad 140 having a 
planarizing body 142. The planarizing body 142 can be formed of an abrasive or 
non-abrasive material having a planarizing surface 146. For example, an 
abrasive planarizing body 142 can have a resin matrix (e.g., a polyurethane resin) 
and a plurality of abrasive particles fixedly attached to the resin matrix. Suitable 
abrasive planarizing bodies 142 are disclosed in U.S. Patent Nos. 5,645,471; 
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5,879,222; 5,624,303; 6,039,633; and 6,139,402, each of which is incorporated 
herein in its entirety by reference. 

[0043] The controller 180 of the control system 170 may be operatively coupled to 

the drive mechanism 121 of the platen 120 and to the actuator mechanism 136 of 
the carrier assembly 130, as shown. The controller 180 may control a parameter 
of the drive mechanism 121 and/or the actuator mechanism 136, e.g., by starting 
and stopping the drive mechanism in accordance with a calculated polishing time. 
In one embodiment, the controller 180 calculates this polishing time in accordance 
with one of the methods outlined below. The program 184 can be contained on a 
computer-readable medium stored in the controller 180. 

[0044] Although Figure 3 illustrates only the first main planarizer 110, the structure 

and operation of the second main planarizer 112 (Figure 2), the finishing 
planarizer 210, and the second finishing planarizer 212 (Figure 2A) may be 
similar to that of the main planarizer 110 shown in Figure 3. The difference 
between the finishing planarizers (210 and 212) and the main planarizers (110 
and 112) is that the finishing planarizers typically perform a less aggressive 
polishing process than the main planarizers. For example, the finishing planarizer 
210 of Figure 2 typically uses only mild abrasives and/or less downforce to 
smooth the finished surface by reducing or eliminating surface asparities caused 
by the more aggressive main planarizers 110 and 112. The finishing planarizer 
accordingly often has a different planarizing pad 140 or a different planarizing 
solution 135 than the main planarizers 110 and 112. This allows the removal rate 
of the finishing planarizer 210 to be independent from the removal rate of the 
main planarizer so that the main planarizers 110 and 112 have a higher removal 
rate and the finishing planarizer 210 provides a more polished surface. 

C. Methods of Controlling Planarizing 
[0045] As noted above, other embodiments of the invention provide methods of 

processing a microfeature workpiece 12. In the following discussion, reference is 
made to the planarizing system 100 illustrated in Figures 2 and 3. It should be 
understood, though, that reference to this particular planarizing system is solely 
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for purposes of illustration and that the methods outlined below are not limited to 
any particular planarizing system shown in the drawings or discussed in detail 
above. 

[0046] Figure 4 schematically illustrates a microfeature workpiece processing 

method 300 in accordance with one embodiment of the invention. At the outset, a 
material removal factor R may be initialized at a predetermined value R 0 in a 
process 302. As explained below, this material removal factor R may comprise an 
anticipated material removal rate for planarizing on the main planarizer 110. The 
initial value R 0 may be determined empirically for the type of microfeature 
workpiece 12 being processed and the nominal processing conditions (e.g., 
temperature, planarizing media characteristics, and downforce of the carrier 130). 
Alternatively, the initial value R 0 may comprise a material removal factor 
calculated for the same system at the end of a previous batch of microfeature 
workpieces 12. 

[0047] In the particular method 300 shown in Figure 4, a batch of microfeature 

workpieces 12 may be processed sequentially. If so desired, the number n of the 
workpiece within the batch of workpieces may be initialized at a value of one in 
process 304. 

[0048] The initial thickness of the first microfeature workpiece 12 in the batch of 

workpieces may be measured with the pre-planarizing metrology station 250a in 
process 310. As noted, this thickness measurement may be provided to the 
controller 180 as a single average number or as a set of data reflecting a series of 
measurements from different locations on a surface of the microfeature workpiece 
12. As is known in the art, the "thickness" measurements by the metrology station 
250a may be a measurement of the total thickness of the microfeature workpiece 
12 or a thickness of select layer(s) on the microfeature workpiece 12. 
Alternatively, the thickness may be measured as an offset from a known plane 
within the metrology system 250a. 

[0049] The controller 180 may then determine a target thickness change for the 

incoming first microfeature workpiece 12 in process 320, which may include 
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compar ing the initial thickness measurement for the workpiece from process 310 
to a target thickness for the microfeature workpiece 12. For example, a nominal 
target thickness for all of the microfeature workpieces 12 may be programmed in 
the controller 180 and subtracted from the initial thickness measured in process 
310. In one particular embodiment, the target thickness change (AT in ) may be 
reduced by a predetermined thickness offset T offe et, as discussed , below. The 
resultant reduced target thickness change (AT red uced = AT in - T off set) may more 
accurately reflect the desired thickness change resulting from planarizing by the 
main planarizer 1 1 0 (or planarizers 1 1 0 and 1 1 2). 

[0050] In process 330, the controller 180 may calculate a target planarizing time t in 

for the incoming microfeature workpiece 12 as a function of the target thickness 
change AT in or AT redU ced and the material removal factor R. If the material removal 
factor R is correlated to a material removal rate (e.g., A/sec), the target 
planarizing time t in may comprise the target thickness change AT in or AT red uced 
divided by this material removal rate R. If the material removal rate is instead 
determined as a function of the time necessary to remove a given thickness (e.g., 
sec/AA), the target thickness change AT in or AT re duced may be multiplied by this 
material removal factor R. 

[0051] The controller 180 may then control operation of the main planarizer 1 10 to 

planarize the microfeature workpiece 12 for the target planarizing time t jn . The 
controller 180 may terminate planarizing of the microfeature workpiece 12 at the 
end of the target planarizing time t in by sending a stop signal to the actuator 
mechanism 136 of the carrier assembly 130 and/or to the drive mechanism 121 of 
the platen 120. 

[0052] As noted previously, planarizing the microfeature workpiece 112 generally 

comprises pressing the workpiece 112 against the planarizing medium 150 in a 
controlled manner. In one particular embodiment of the invention, the pressure is 
gradually ramped up and/or ramped down instead of suddenly applied at the 
beginning of the planarizing cycle and suddenly ended when the stop signal is 
generated. The controller 180 or another aspect of the planarizing system 100 in 
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this embodiment may ramp up the pressure before the target planarizing time t in 
begins and ramp down the pressure at the end of the target planarizing time t jn . 
Other ramp-up and ramp-down processes may employ a substantially constant 
pressure, but allow stabilization of other control parameters (e.g.; temperature) 
before and/or after the target planarizing time t in . The ramp-up and ramp-down 
processes may be substantially the same from one workpiece to the next. This 
ramp-up and ramp-down time, which may be considered a secondary planarizing 
on the main planarizer 110, typically will remove material appreciably more slowly 
than in the main planarizing process 340 conducted at the full pressure for the 
target planarizing time t in . 
[0053] In addition to, or in stead of, such ramp-up and ramp-down processes, the 

planarizing process may include a variety of other secondary planarizing 
processes. For example, microfeature workpieces 12 may be subjected to a main 
planarizing step and a separate edge planarizing step that is targeted to polish a 
peripheral region of the microfeature workpieces 12. In one embodiment, such 
edge planarizing may be considered a secondary planarizing step carried out on 
the main planarizer 110 and the edge planarizing time is not included in the target 
planarizing time t in . In an alternative embodiment, the edge planarizing process 
may be considered part of the main planarizing process 340 and the target 
planarizing time t in may include the time spent on the main planarizer both in 
generally planarizing the microfeature workpiece 12 and in the edge planarizing 
process. 

[0054] In some embodiments, the planarizing machine 102 includes both a first 

main planarizer 110 and a second main planarizer 112. If each microfeature 
workpiece 12 is subjected to a main planarizing process only on one of these 
planarizers 110 and 112, each microfeature workpiece 12 may remain on the 
main planarizer 110 or 112 for the full target planarizing time t in . In other 
embodiments, each microfeature workpiece 12 may be planarized by both of the 
main planarizers 110 and 112 in sequence before being planarized by the 
finishing planarizer 210. In such an embodiment, the target planarizing time t in 
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may be allocated between the two main planarizers 110 and 112 in any desired 
fashion, e.g., by planarizing microfeature workpieces 12 for an equal time on each 
of the main planarizers 110 and 112. If microfeature workpieces 12 are to be 
planarized on both of the main planarizers 110 and .112, a secondary planarizing 
may be employed to ramp up and ramp down the applied planarizing pressure on 
each of the main planarizers 110 and 112. 

[0055] After being planarized on the main planarizer(s) in the first planarizing 

process 340, the microfeature workpiece 12 may be planarized on the finishing 
planahzer 210 in a second planarizing process 350. In one embodiment, the 
planarizing time on the finishing planahzer 210 may remain substantially constant 
over the entire run of the batch of microfeature workpieces 12. In other 
embodiments, this time may be varied from one microfeature workpiece to the 
next in accordance with a predetermined profile. If the planarizing machine 
includes a second finishing planahzer 212 (Figure 2A), the time of the second 
planarizing process 350 may be divided between the two finishing planarizers 210 
and 212. In select embodiments, the second planarizing process 350 may include 
not only planarizing on the finishing planarizer(s) 210 and/or 212, but also the 
secondary planarizing reflected by the ramp-up and ramp-down procedures noted 
above. In one embodiment, the second planarizing process 350 may be 
considered to include all planarizing, on any planahzer (110, 112, 210, and/or 
212), other than that reflected in the main planarizing process 340. 

[0056] After the first and second planarizing processes 340 and 350, the thickness 

of the planarized workpiece may be measured in a post-planarizing thickness 
measuring process 360. This post-planarizing thickness may be compared to the 
pre-planarizing thickness measured in process 310 to determine the actual 
change in thickness AT ac tuai for the workpiece in process 370. This actual change 
in thickness AT ac tuai may be determined, for example, by subtracting the post- 
planarizing thickness measurement from the pre-planarizing thickness 
measurement. 
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[0057] The actual thickness change AT ac tuai may be used to calculate the material 

removal factor R in process 380. This material removal factor R may comprise a 
ratio of the actual thickness change AT ac tuai to the planarizing time t in on the main 
planarizer 110 (or planarizers 110 and 112). For example, the material removal 
factor R may be calculated as a material removal rate by dividing the actual 
thickness change AT act uai by the planarizing time on the main planarizer 110. 
Alternatively, the material removal factor R may be determined as a length of time 
necessary to remove a given thickness by dividing the planarizing time t in by the 
actual thickness change AT actua i. 

[0058] In at least one embodiment of the invention, the material removal factor R 

is adjusted by a thickness offset T 0 ffset corresponding to the amount of material 
removed from the workpiece in the second planarizing process 350. In particular, 
the actual thickness change AT act uai may be reduced by the thickness offset T off set 
to provide an adjusted thickness change AT ad j U sted before calculating the material 
removal factor R as a ratio of the adjusted thickness change AT adJust ed and the 
planarizing time t in . For example, if the material removal factor R majn is an 
approximation of a material removal rate for the main planarizing stage, it may be 
calculated as follows: 

Rmain = (AT ac tual " T 0 ffset)/tin 

[0059] The value of the thickness offset T offS et to compensate for material removed 

by the finishing planarizer may be determined empirically or in any other suitable 
fashion. In one embodiment, the thickness offset T onsei may remain constant over 
a significant period of time, e.g., over a plurality of planarizing cycles. For 
example, the thickness offset T 0 ffset may be determined empirically as an average 
thickness removed from a number of like microfeature workpieces 12 by the 
second planarizing process 350. In other embodiments, the thickness offset T 0 ffset 
may vary over time. For example, the thickness offset T 0 ffset may be determined as 
a function of anticipated change in the material removal rate in the second 
planarizing process 350. This anticipated change also may be determined 
empirically and may be used to compensate for estimated changes in the material 
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removal rate in the second planarizing process 350, e.g., as the planarizing 
medium of the finishing planarizer 210 or second finishing planarizer 212 (Figure 
2A) changes with use. 

[0060] The workpiece counter n may be indexed by one in process 390 and 

processes 310-390 may be performed on the next microfeature workpiece 12. 
This series of processes may be repeated until all of the microfeature workpieces 
12 in the batch of workpieces have been planarized. 

[0061] The target planarizing time t in for each microfeature workpiece 12 may be 

calculated in process 330 as a function of the material removal rate R determined 
in process 380 for at least one preceding microfeature workpiece 12. In one 
embodiment, the material removal factor R is calculated in process 380 as an 
average of the material removal factor for two or more sequential workpieces 12, 
e.g., using an exponential weighted moving average. 

[0062] Embodiments of the invention provide material improvements in the 

precision with which the planarizing time for a given microfeature workpiece 12 
may be estimated. As noted above, the precision of this estimate decreases 
significantly using conventional techniques when the thickness of the material to 
be removed is relatively thin, e.g., less than 1 ,000 A. Embodiments of the present 
invention, however, more effectively isolate the effects of the finishing planarizer 
210 (and second finishing planarizer 212, if employed) on the estimated polishing 
time for main planarizers 110 and 112 by factoring in the thickness offset T of fset 
associated with the second planarizing process 350. 

[0063] To illustrate advantages of embodiments of the invention, consider an 

idealized example in which a first microfeature workpiece 12 is planarized pn the 
main planarizers 110 and 112 for a total of 10 seconds. The actual thickness 
change AT ac tuai is determined to be about 600 A. 

[0064] Scenario 1 (employing conventional control processes): In a conventional 

control algorithm, the material removal rate would be calculated as the actual 
thickness change divided by the planarizing time, i.e., 600 A/10 sec = 60 A/sec. 
Assume a second microfeature workpiece 12 is determined to require removal of 
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900 A. Dividing 900 A by the calculated removal rate of 60 A/sec estimates a 
target planarizing time of 15 seconds. After planarizing the second microfeature 
workpiece on the planarizers 110, 112, and 210, the actual thickness change 
ATactuai is determined to be only about 750 A, leaving the second microfeature 
workpiece 12 significantly underplanarized. The removal rate for the second 
microfeature workpiece 12 would be calculated as 50 A/sec (750 A/15 sec). The 
planarizing time for next microfeature workpiece 12 may be estimated using either 
this 50 A/sec rate or an average removal rate for the first and second microfeature 
workpieces 12, e.g., 55 A/sec. 

[0065] Scenario 2 (employing an embodiment of the invention): Assume that the 

second planarizing process 350 (including ramp-up and ramp-down processes on 
the main planarizer 110 and planarizing on the finishing planarizer 210) was 
monitored over time and found to remove about 300 A on average. Using this 300 
A average as the thickness offset T off set, the adjusted thickness change AT a djusted for 
the first microfeature workpiece 12 can be calculated as 600 A - 300 A = 300 A. 
Dividing the adjusted thickness change AT ad j U sted by the 10-second planarizing 
time yields a material removal rate R of 30 A/sec. In accordance with an 
embodiment of the invention, the thickness offset T onseX may be subtracted from the 
target thickness change AT jn of 900 A for the second microfeature workpiece to 
yield a reduced target thickness change AT red uced of 900 A - 300 A = 600 A. 
Dividing this reduced target thickness change AT re duced by the material removal 
rate R yields a target planarizing time t in of 20 seconds. The actual thickness 
change AT ac tuai of the second microfeature workpiece 12 after completing the 
planarizing cycle on the three planarizers 1 10, 1 12 and 210 is assumed to be 890 
A, a nominal deviation from the 900 A target thickness change AT in . Dividing 
adjusted thickness change ATadjusted for the second microfeature workpiece 12 
(890 A - 300 A = 590 A) by the 20-second combined planarizing time t in on the 
main planarizers yields a material removal rate R of 29.5 A/sec. 

[0066] Comparing these two scenarios, the planarizing time necessary to remove 

the desired thickness of material from the second microfeature workpiece 12 is 
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estimated significantly more accurately in Scenario 2 employing an embodiment 
of the invention than in the more conventional Scenario 1 . Whereas the second 
planarized microfeature workpiece 12 in Scenario 2 likely , would fall within 
commercially acceptable tolerances, the second planarized workpiece in Scenario 
1 likely would be rejected if planarizing relied solely on the estimated planarizing 
time. Scenario 2 is also more precise than Scenario 1 in calculating the pertinent 
material removal rate, with the anticipated standard deviation in Scenario 2 being 
substantially less than the standard deviation in Scenario 1. 

[0067] The preceding discussion focuses on planarizing microfeature workpieces 

12, but aspects of the present invention may also be useful in other contexts. For 
instance, a method analogous to method 300 of Figure 4 may be used to control a 
deposition process wherein microfeature workpieces are subjected to two 
deposition processes with different rates of material deposition. In a microfeature 
workpiece deposition process employing both chemical vapor deposition (CVD) 
and atomic layer deposition (ALD), for example, one or more parameters of the 
CVD process may be controlled on the basis of a deposition rate calculated using 
a thickness offset T 0 ffset correlated to the amount of material deposited via ALD. 

[0068] In general, the terms used in the following claims should not be construed 

to limit the invention to the specific embodiments disclosed in the specification 
unless the above-detailed description explicitly defines such terms. While certain 
aspects of the invention are presented below in certain claim forms, the inventors 
contemplate various aspects of the invention in any number of claim forms. 
Accordingly, the inventors reserve the right to add additional claims after filing the 
application to pursue such additional claim forms for other aspects of the 
invention. 
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